INTRODUCTION
Multiwavelength ultraviolet/visible (Uv-vis) spectroscopy is a versatile, quantitative, rapid, and reliable analytical tool that has immediate applications as a biosensor for the detection, identification, and enumeration of microorganisms and cells. The sample information contained in the spectra includes cell size, chemical composition and shape. This information is obtained from the spectroscopic analysis of a sample measured over a broad range of wavelengths (190-900 nm) and/or with the scattered light measured at one or several observation angles. The potential to extract large amounts of information from a single multiwavelength measurement makes Uv-vis spectroscopy a powerful characterization tool. In addition, a spectroscopy-based biosensor provides the added benefits of being rapid, inexpensive and relatively simple to operate.
Multiwavelength and angular spectroscopy analysis of microorganisms and cells are not new [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The Uv-vis spectra of cells and microorganisms have been reported and used for the estimation of the number of cells and their chemical composition, in particular, the nucleic acid and protein concentrations 6, 9, 18, 19 . Because of its sensitivity to size, shape, and orientation, angular scattering spectroscopy has also received a great deal of attention 8, 9, [13] [14] [15] [16] . Polarized light scattering experiments have also been used to further characterize microorganisms through measurement sensitive elements of the scattering matrix (Bohren et al, 1983 , Bronk et al, 1991 , Newman et al, 1991 . The main limitations for the use of spectroscopy techniques have been both instrumental and theoretical (Alupoaei, 2001 ). To discriminate between organisms using angular measurements considerable differences in size, shape and refractive index (chemical composition) are necessary. Most microorganisms have approximately the same chemical composition, as a result the signal to noise ratios for angular measurements suitable for discrimination are not always favorable 16, 20, 22 .
Multiwavelength transmission measurements and related turbidimetric techniques have been extensively used in biological applications. However, these have been largely limited to corrections assuming Rayleigh scattering, or to calibrations relating the optical densities at discrete wavelengths to the particle concentration 6, 10, 15 . To interpret the multiwavelength spectra of microorganisms their optical properties as function of wavelength are required. To date there are few studies reporting on the optical properties of microorganisms; notably those of Inagaki et al. 7 and Tuminello et al. 23 Several attempts have been made to model the shape and internal structure of the cells using the Rayleigh-DebyeGans (RDG) approximation [8] [9] [16] [17] and the anomalous diffraction, or van de Hulst, approximation 10, 16, 24 . Although these approximations enable the specification of the shape and orientation in the scattering calculations 20 they have been only partially successful 8, 16, 25 . Mie theory has been successfully used to interpret the spectra of nearly spherical cells where the scattering volume has been expressed in terms of an equivalent sphere [1] [2] [3] 5, [11] [12] and it has the advantage of having no restrictions relative to the size of the particles and to the values of the refractive index. In this paper a model is proposed for the interpretation of the multiwavelength spectra of prokaryotic and eukaryotic microorganisms. The proposed interpretation model is based on light scattering theory, spectral deconvolution techniques, and on the approximation of the frequency dependent optical properties of the basic constituents of living organisms [1] [2] [3] 5 . The parameters estimated from the spectral measurements include the microorganism size, dry mass, dipicolinic acid concentration, the total nucleotide concentration, and an average representation of the internal scattering elements (the optically dense structures within the microorganisms). Experimental results demonstrate that microorganisms at various states of growth give rise to spectral differences that can be used for their identification and classification and that this technology can be used for the characterization of the joint particle property distribution for a large variety of continuous, on-line, and in-situ particle characterization applications. It is further demonstrated that the interpretation model yields the quantitative information necessary to define the probability of the detection and identification of microorganisms. A data base of 54 pathogens has been created and demonstrates that the technology can be used in the field for real-time in-situ monitoring applications.
THEORY
The equation that relates the turbidity (1) represents the real refractive index of the suspending medium. Equations 1-2 have been extended to approximate the complex structure of microorganisms by dividing it into M groups or populations, each of which will be characterized by its corresponding scattering and absorption components. The total scattering and absorption components of the spectrum will be given by the weighted sum of the contributions from the selected M structures or populations [1] [2] [3] 5, 27 : Where ω ij is mass fraction of j th chromophore contained in the i th population, n i and k i correspond to the real and imaginary refractive indices of each population. The symbol i preceding the second term corresponds to the imaginary axis. Adding the scattering contributions represented by equations (3) (4) (5) closes the total mass balance for each chromophoric group. Assuming volume additivity, the total concentration can be readily calculated in terms of the concentration of each population or structure:
Where c i is the concentration of each population.
The characteristic dimension D for each population can be calculated from the closest geometrical approximation to the shape of the microorganisms (i.e., the diameter is calculated from the cell volume) and it can be obtained from the inverse solution to the discretized form of equation (3) where H is a covariance matrix that essentially filters the experimental and the approximation errors (ε); γ is the regularization parameter estimated using the Generalized Cross-Validation technique (GCV) 1 . The Generalized CrossValidation technique requires the minimization of the following objective function with respect to γ;
Simultaneous application of Equations 1 through 8 to the measured turbidity spectra yields the discretized particle size distribution the chemical composition and the relative concentration of each particle population.materials and Methods
MATERIALS AND METHODS

Materials
The microorganisms reported in this summary and in the corresponding presentation are E. coli (JM 109ATCC #53323), Bacillus globigii vegetative cells (ATCC #9372), Staphylococcus Aureus are from the American Type Culture Collection (ATCC) Manassas, Virginia. P. agglomerans, and the spores B. subtilis deposited as B. globigii were provided by Los Alamos National Laboratory, Los Alamos, New Mexico. and Saccharomyces cerevisiae is Baker's yeast. Other pathogens constituting the data base were obtained from the Florida Department of Health. Free carboxyl and amino groups (i.e., tyrosine), and n-acetyl/ethyl ester derivatives were purchased from Sigma-Aldrich, Saint Louis Missouri. The free carboxyl and amino groups, and n-acetyl/ethyl ester derivatives were used for the representation of terminal and imbedded amino acid fragments present in protein molecules. The dipicolinic acid was also purchased from Sigma-Aldrich. The spectra for the purine and pyrimidine bases were obtained from the data reported by Adams, Knowler and Leader at room temperature and pH=7 (Adams et al, 1989 ).
Spectroscopy Measurements
The Uv-vis transmission spectra from the model molecules and cell suspensions were recorded using a diode array spectrometer (HP 8453 Hewlett-Packard, Palo Alto, CA) having an acceptance angle smaller than 2 degrees. All measurements were conducted at room temperature using a 1 cm pathlength cuvette. Prior to running each sample, the spectrometer was zeroed to account for any stray light. To avoid the effect of inhomogeneities in the suspending medium, the background spectrum was taken using the corresponding suspending media from the batch utilized in the preparation of the original sample. To eliminate concentration and particle number effects, the transmission spectra were normalized with the average optical density between 220-900 nm (Alupoaei, 2001 ). To better illustrate the composition information, the first derivative of the spectra was numerically evaluated (Alupoaei, 2001) .
Because biologically pure cultures do not necessarily imply spectroscopically pure materials, special care has to be taken in washing and separating the cell cultures. This is particularly critical when the growth media has strong absorption characteristics. For these cases, prior to the spectroscopy measurements, the cells were washed in sterilized de-ionized water according to the following protocol: The microfuge tubes containing the sample were placed in a Beckman Microfuge 12 and spun for four minutes. The tubes were removed from the Microfuge and using a 1.0 ml pipette, the supernatant was slowly drawn off and discarded. A small amount of the fluid was left in each tube to avoid disturbing the pellets. The remaining pellets were re-suspended in sterilized deionized water and vortexed for a few seconds. The washing process was repeated at least two times. At the end of every cycle spectroscopy measurements were taken to ensure the elimination of the growth media. After the last washing, the pellet of clean cells was resuspended in sterilized de-ionized water, which was also used to dilute the samples. The level of dilution was selected to yield optical density values below 1.2 Absorbance Units (Au). When samples of pure cells (spores and vegetative cells) were available, they were directly suspended and diluted in sterilized de-ionized water prior to spectroscopy measurements.
To obtain the extinction spectra of model molecules, stock solutions of the model molecules were prepared in phosphate buffers at several pH values and at physiological concentrations. The stock solution was diluted with buffer to suitable concentrations (i. e., selected to yield optical density values below 1.2 Absorbance Units (Au)) prior to recording the spectra. A minimum of five dilutions were measured to obtain adequate estimates of the extinction coefficients. A least squares procedure was implemented to estimate the extinction coefficient at each wavelength (Alupoaei, 2001 ).
Scattering Calculations
The Mie scattering coefficients in equation 3 were calculated with a computer program, which includes multiwavelength spectral calculations and has been adapted to calculate distributions of particle sizes 27 . This program has been extensively tested against available computer codes and published tables 20, 28 . The refractive index of water n o (λ o ) in equation 2 as a function of wavelength was calculated from the correlation reported by Thormählen 29 .
Estimation of Optical Properties
The chemical data reported for microorganisms 30 suggests that the majority of the dry mass is composed of proteins and organic matter with small or negligible absorption in the wavelength region of 200-900 nm. The refractive index of nonabsorbing or weakly absorbing molecules can be approximated using the Cauchy formula [31] [32] :
, in two-parameter form, has been extensively used for representation of the refractive index wavelength dependence of non-chromophoric macromolecules 32 , and it adequately represents the data reported for the refractive index of microorganisms 1, 27 . The Cauchy parameters for the bulk refractive index of microorganism macrostructure were estimated from the measured spectra and the microorganism dimensions determined by microscopy 1, 27 . A least squares iterative procedure was set up where a transmission spectrum was calculated with equation 1 in the spectral region where no chromophore absorption was expected (400-900 nm) and compared with the measured transmission spectrum at each wavelength 27 . This iterative procedure continued until convergence was achieved (i.e., relative changes in the sum of squares were less than 10 -6 ). The refractive index estimates parameter values estimated are in good agreement with values reported in the literature.
Under the assumption that the internal structure elements are composed primarily of non-absorbing or weakly absorbing proteins, an average refractive index for the internal structure was estimated from literature data on the specific refractive index increments of proteins and polysaccharides 31, 32 : (10) The optical properties corresponding to chromophoric groups that can be incorporated to other scattering elements, or can scatter by themselves (i.e., DNA), were estimated from measurements of the absorption coefficients of model molecules, and of measurements of the refractive index at 542 nm. The wavelength dependence of the refractive index was established through the use of the Kramers-Kronig transforms 7, 20 . The optical properties estimated using this approach are in good agreement with the values reported in the literature 1,27 .
RESULTS
Multiwavelength UV/vis Spectra of Microorganisms
Previous reports [1] [2] [3] [4] [5] 27 have shown that the Uv-vis spectra of different types of microorganisms may vary considerably. In this report the microorganisms of interest are analyzed to explore the potential of multiwavelength transmission measurements to discriminate between them. Notice that although the spectra (Figure 1 ) of E. coli and Staphylococcus have similar features their wavelength correlations are distinct. This is most likely due to differences in size and in chemical composition, in particular DNA and RNA 18 . Notice the spectra of the microorganisms have a peak at approximately 260 nm, which is generally but not necessarily, attributed to the absorption of nucleic acids 1, 6, 27 . The similarities observed in the spectral patterns of E. coli and Staphylococcus are expected since these organisms have similar sizes and water content (Murrell, 1969) . The differences between the spectra of E. coli, Staphylococcus, and the spectrum of Saccharomyces cerevisiae are also expected, the first two are prokaryotic cells and the last one is an eukaryotic cell having a more complex internal structure and considerably larger size. Clearly, the experimental measurements of the multiwavelength transmission spectra show evidence of quantifiable differences between microorganisms. Similarly, as it can be appreciated in Figure 2 , significant spectroscopic differences are observed from the transmission spectra for E. coli during growth. Notice the considerable spectral changes in the neighborhood of 260 nm, the region where nucleotides (DNA, RNA) absorb. The growth behavior of other microorganisms such as Bacillus globigii vegetative cells (ATCC #9372), P. agglomerans, Staphylococcus Aureus, and Pseudomonas show similar features and can be monitored in real time. As shown in Figures  1 and 2 , the unique spectral fingerprints for microorganisms arise from differences in the size, shape and chemical composition of the different cells. Clearly even at the qualitative level, multiwavelength UV/vis spectroscopy is able to distinguish different cell types. In the next section, a light scattering and absorption interpretation model based on Mie theory is used to obtain quantitative information for some of these spectra. Figures 3-4 show typical comparisons between measured and calculated spectra for a prokaryotic cell (E. coli) and for an eukaryotic cell (Saccharomyces cerevisiae). The contribution to the calculated total optical density from each of the model components (macrostructure and internal scattering elements), the total absorption of the corresponding chromophoric groups calculated as Beer-Lambert absorption, and the residuals are also included in the figures. Notice the spectral features contributed by each component and the dramatic effect of the chromophoric groups to the total optical density. It is evident that, the macrostructure, the internal structure, and the main chromophoric groups, contribute differently over different portions of the spectra. Also notice that although the residuals show some correlation, it is evident that the proposed model adequately represents the measured spectra of the microorganisms studied. To date the stationary phase spectra of 54 pathogens, and the growth behaviour of 6 species have been adequately represented and interpreted using the model described by equations (1) (2) (3) (4) (5) (6) (7) (8) . Typical values for the parameters estimated from the spectra of the microorganisms are reported in Table I , where data available from the literature has also been included. The good agreement with literature values is surprising given the simplifying assumptions of the model which may account for the correlation in the residuals apparent in the region between 230-300 nm (Figs 3-4) . It is evident from the results based on the large number of organisms investigated that the quantitative information derived from the deconvolution of the spectra can be used to define elements of classification. These elements of classification can be used in turn to define the probability of detection of a particular pathogen or class of pathogens. Table 1 . Estimated parameters value from the deconvolution of the spectra
Deconvolution of the Spectra
CONCLUSIONS
1. Experimental spectrophometric measurements of microorganism cultures at the stationary phase and during growth demonstrate that microorganisms at various states of growth give rise to spectral differences that can be used for their identification and classification. Spectrophotometric methods in general and UV-vis spectroscopy in particular, are already miniaturized and commercially available in a variety of deployable configurations. Therefore they can be used for the characterization of the joint particle property distribution for a large variety of continuous, on-line, and in-situ particle characterization applications. A theoretically based interpretation model based on light scattering theory, spectral deconvolution techniques, and on the approximation of the frequency dependent optical properties of the basic constituents of living organisms has been formulated. It has been shown that the model is capable of representing the spectroscopy behavior of complex biological structures such as prokaryotic and eukaryotic cells, and as such, it provides quantitative information to further our understanding of their absorption and scattering behaviors for their analysis and differentiation. It can be expected that, as better estimates of the optical properties become available, and as specific cell structures are identified and incorporated into the model, the correlation in the residuals will be reduced and that the accuracy and precision of the model parameters will improve. It is rather remarkable that this simple model is capable of representing the spectroscopy behavior of the complex biological structures of microorganisms. It is further demonstrated that the interpretation model yields the quantitative information necessary to define the probability of the detection and identification of microorganisms. A data base of 54 pathogens has been created and demonstrates that the technology can be used in the field for real-time in-situ monitoring applications.
